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Polarization characteristics of dye-laser amplifiers II. Isotropic molecular 
distributions 
Kendall C. Reyzer and Lee W. Casperson 
School 0/ Engineering and Applied Science, University a/California, Los Angeles. California 90024 
(Received 15 April 1980; accepted for publication 20 May 1980) 
In a previous study a general semiclassical formalism has been developed for lasers with arbitrary 
orientational distributions of the active molecules. Here that formalism is applied to the 
important case of an isotropic distribution of molecules, and this limit is especially relevant to 
liquid dye lasers. Extensive analytical and numerical results are presented for the polarization 
properties of such dye lasers. It is found that in general the polarization states of the pump and 
signal fields are coupled together and both change with distance in a laser amplifier. 
PACS numbers: 42.55.Mv, 42.1O.Nh 
I. INTRODUCTION 
The gain of many laser systems depends strongly on the 
polarization states and directions of propagation of the opti-
cal signals. Dye lasers provide important examples of lasers 
with such anisotropic gain. In spite of this importance, how-
ever, there has been relatively little work done on the polar-
ization properties of such lasers. As noted by Lempicki, none 
of the previous treatments had included the effects of gain 
saturation. I We have recently discussed this situation and 
developed a semiclassical model for treating the polarization 
characteristics of dye-laser amplifiers.2 Of special interest in 
our previous study were those situations in which the active 
dipole moments are all parallel. In such cases the analysis is 
relatively simple and several analytic solutions can be ob-
tained. It is clear, however, that a unidirectional molecular 
distribution is not the normal state of affairs in most practi-
cal dye lasers. Often when the dye molecules are suspended 
in liquids or plastics it is more reasonable to assume that the 
molecular distribution will be isotropic. The purpose of the 
present study is to apply the semiclassical formalism to dye-
laser media having isotropic orientational distributions of 
the active dipoles. Most commercial dye lasers use a liquid 
host medium, and the results obtained here have implica-
tions for laser efficiency. 
The analytical development in this work is based direct-
lyon the general formalism developed in our previous 
study.2 For compactness results obtained in Part I are refer-
enced directly but with the equation numbers preceded by 
the number I. The isotropic oscillator concept is discussed 
briefly in Sec. II, and the general development for isotropic 
molecular distributions is presented in Sec. III. Most cases of 
interest have to be studied numerically, and several exam-
ples are considered in Sec. IV. Among the consequences of 
this study it is shown that the polarization of a propagating 
signal tends to rotate with distance toward the polarization 
orientation of the pump field. Somewhat less expected is the 
fact that with strong saturation by the signal the polarization 
of the pump tends to rotate away from the polarization ofthe 
signal. Results of this type have important implications for 
practical laser designs and several applications are consid-
ered in Sec. V. 
II. THE ISOTROPIC OSCILLATOR 
Our main interest in the present study concerns mole-
cules which in the absence of pump and stimulating fields 
have isotropic distributions of dipole moment orientations. 
This situation would correspond to most ordinary dye lasers, 
where the active molecules are suspended with random ori-
entations in a liquid or solid medium.3 For an isotropic mo-
lecular distribution the function n(B,t/J) is simply 
n(B,t/J) = N /41T. (I) 
With this expression for the molecular distribution, the gain 
coefficients from Eqs. (1-44) are given by 
Nas(v,) i 2 g.{z) = D,(B,t/J,z)cos B d{), 
41T [} (2a) 
Na,(vs) i gx/z) = D,(B,t/J,z)cosOsinBcost/J d{), (2b) 
41T f1 
Na,(v,) i 2 2 g y(z) = Ds(B,t/J,z)sin Bcos t/J d{). 
41T [} (2c) 
The simplest possible model for a laser transition can be 
termed the isotropic oscillator model. This model can be 
understood as requiring that the dipole moment of the laser 
transition is always exactly parallel to the signal polariza-
tion. With this assumption the interaction between the field 
and the dipoles is always a maximum. While the isotropic 
oscillator model is implicit in most discussions of stimulated 
emission, it is usually not rigorously valid. In an atomic sys-
tem, for example, this model would require that the laser 
states must either be representable by spherically symmetric 
wavefunctions or else they must be imagined to align instan-
taneously with the signal field. In spite of these limitations 
the model is useful because of its simplicity, and more realis-
tic models are discussed in the following sections. 
In terms of the polarizability, the isotropic oscillator 
model assumes that the tensor is diagonal with all elements 
equal. Thus the induced moment is in the direction of the 
electric field, and the probability of exciting the oscillator is 
proportional to the amplitude squared of the field. Using this 
model for both the pump and signal fields, the popUlation 
differences in Eq. (I-29) can be simplified since the terms 
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involving 1 'l/ p.e p 12 and 1 'l/ s .es 12 can be written 
l'l/p·epI2=E~, (3a) 
l'l/s·es I2=E;, (3b) 
where E p and Es are the real amplitudes of the pump and 
stimulating electric fields. In this case, the gain coefficients 
from Eqs. (2) become (neglecting pump depletion) 
gx(z) =NO"s(v,Q)<P~/[1 + <P~ + <P;(z)], (4a) 
gxy(z) = 0, (4b) 
g y(z) = NO"s(v,Q)<P ~/[1 + <P ~ + <P ;(z)]. (4c) 
Since gx and g yare equal, the gain can be defined as g(z) and 
can be written 
g(z) = gol[1 + sI,(z)] , 
where the unsaturated gain go is given by 
go=NO",(v,Q)<P~/[1 +<P~] 
and the saturation parameter is 
s = ['iPs(v,Q)/hv,Q ]1[11(1 + <P~)]. 
(5) 
(6) 
(7) 
It can be seen that the unsaturated gain from Eq. (6) is 
three times smaller than that found in Eq. (1-66). This is 
because the gain for the isotropic oscillator model is spheri-
cally symmetric while in the unidirectional situation the gain 
is present in the x direction only. The unsaturated gain dis-
tribution from Eq. (1-60) becomes in this case 
<p2 
go(1/1,) = NO"s 1 ; 2 (cosl1/1s + sin21/1s), (8) 
+ px 
which is the equation of a circle so that the gain distribution 
is uniform for any value of the pump field. 
The unsaturated field and polarization angle equations 
from Eqs. (I-56) and (I-58) become 
E, = E,Q exp[!(go - rs)z]' (9a) 
tan 1/1, = tan 1/1,Q, (9b) 
where ExO is the initial field amplitude and 1/1,Q is the initial 
polarization angle. Equation (9a) is the usual expression giv-
en for an unsaturated laser amplifier while Eq. (9b) means 
that the polarization direction remains fixed. When satura-
tion is important, the field equations can be written in terms 
of the total intensity Is and using the gain expression in Eq. 
(5) become 
dIs gals 
- = -- - rJs' (10) 
dz 1 + sIs 
But this again is a standard laser amplifier equation. 
III. GENERAL ISOTROPIC DISTRIBUTION 
The rigorous solution to the general isotropic molecular 
distribution case can be obtained by substituting Eqs. (1-32) 
into Eqs. (2). Then each gain coefficientg", g"y' andg y con-
tains three terms, each of which involves an integral over 
(O,t/J ). Several of these integrals are the same so the gain terms 
can be simplified to 
g" = NO"s(<P ~xR 1 + 2<P px <P pycosO pR2 + <P 2py R 3)' 
( 11a) 
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gxy = NO"s(<P ~XRl + 2<P p,,<P pycosO pR3 + <P ~yR4)' 
(lIb) 
g y = NO"s(<P ~"R3 + 2<P px <P pycosO pR4 + <P ~yRs)' 
(lIe) 
where the R; are given by 
R 1(z)=_3_( cos
4
0dfl ,(12a) 
41T Ja I + f/O,t/J,z) + f,(O,t/J,z) 
R1(z) = _3_ ( eos30sinOeost/J dfl (12b) 
41T Ja 1+ fp(O,t/J,z) + f,(O,t/J,z) , 
R3(Z) = _3_ ( cos20sin10eos2t/J dfl (12c) 
41T Ju I + fp(O,t/J,z) + f,(O,t/J,z) , 
Riz) = _3_ ( eosOsin30cos3t/J dfl , (12d) 
41T Ju I + fp(O,t/J,z) + f,(O,t/J,z) 
Rs(z) = ~ ( sin40cos4t/J dfl , (12e) 
41T Ja 1 + fp(O,t/J,z) + f,(O,t/J,z) 
The integrals in Eqs. (12) ean be simplified after some 
straightforward algebraic manipulations and integrations, 
and the details of these operations are presented in the ap-
pendix. The results are 
R I(Z) = 3 f u4I 1,p (u,z) du, (13a) 
Riz) = 3 l' u3(1 - u2)IIZI2,p(u,z) du, 
R3(Z) = 3 l' u2(1 - u2)I3,p(u,z) du, 
R 4(z) = 3 l' u(1 - u2)3/2I4,p(u,z) du, 
Rs(z) = 3 f (I - U1)lIs,p(u,z) du, 
(13b) 
(13e) 
(13d) 
(13e) 
where 
and 
II,p(u,z) = V 2 {(A - C) + [(A + C 1) - B2rll}1/2 
X(A+B
I
+C)1/2+ (A_B
I
+C)1/2)' 
(14a) 
I I 
I2,p(u,z) = V2 {(A_C)+[(A+C)2_Bl]1/1}1/2 
X(A+B
1
+C)1/2- (A_B
I
+C)1/1). 
(14b) 
13,p(u,z) = [1 - All," - BI2,"]C - I, (14c) 
I4,p(u,z) = [ - B + ABII,p + (B 2 - AC)I2,p]C -2, 
(14d) 
Is,p(U,z) = [(C l /2) + (B 2 - AC) - A (B 2 - AC) 
XII,p - B (B 1 - 2AC)Il ,p]C - 3, (l4e) 
A (u,z) = 1 + [<P ~x(z) + <P ;xCz) ]u l , 
B(u,z) = 2[<P px(z)<P py(z)cosO p(z) 
K. C. Reyzer and L. W. Casperson 
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+ I/)sx(z)l/)s/z)cosDs(z)]u(1 - U2)lt,2, (15b) 
C (u,z) = [I/) ~y(z) + I/) ~/z)](I - U2). (15c) 
The gain coefficients in Eqs. (II) can be calculated for any 
value of the pump and stimulating fields after obtaining the 
results from Eqs. (13) by numerical integration. 
The unsaturated gain coefficients from Eqs. (11) and 
(12) are given by 
3Nus I/) 2 r cos4 (} dfl 
gxO = ~ px In 1 + l/)~xcOS2() , 
_ 3Nus I/) 2 1 cos3(}sin()costP dfl 
gxyJ - px 2 2 ' 41T n I + I/) pxcos () 
= 3Nus I/) 2 r cos2()sin2()cos2tP dfl 
g yJ 41T px In I + I/) ~xCOS2() 
which become after the integrations4 
[ 
3 (. tan ~ II/) px )] g =Nu 1- -- 1- -----'-xO s 1/)2 I/) , 
gxyJ = 0, 
gyJ = Nus 
px px 
(16a) 
(16b) 
(16c) 
(17a) 
(17b) 
X[I + _3_(1_ 
21/) ~x 
(I/) ~x + I)tan ~ II/) px )]. 
I/) px 
(17c) 
The unsaturated gain distribution for the isotropic mo-
lecular distribution is found by using Eqs. (17a) and (17c) in 
Eq. (1-60). Figure 1 is a plot of the dimensionless gain distri-
bution for various values of the pump field. From the expres-
sions for gxO and g yJ given in Eqs. (17a) and (17c) it is seen 
that gxO and g yJ both approach Nus in the limit of infinite 
pump intensity and the unsaturated gain distribution be-
comes uniform. This is an expected result for as the pump 
intensity increases, the probability of exciting those dipoles 
x 
y 
FIG. I. Unsaturated gain distribution for an isotropic molecular ensemble 
excited by a linearly polarized pump. 
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that are oriented close to the y axis increases, thus increasing 
the gain in the y direction. As the pump intensity approaches 
infinity, the gain distribution becomes uniform because all 
the available molecules are excited. The molecules that are 
oriented exactly perpendicular to the pump will not be ex-
cited, but their contribution to the total gain is negligible. 
When saturation becomes important, the gain expres-
sions become more complicated and require a numerical so-
lution. There are two cases, however, when the gain expres-
sions are integrable. If the stimulating field is initially 
polarized parallel to the pump field then from Eq. (1- 33b), 
Is (0) = I/);x (0)cos2(), and the integration over tP in Eq. (2b) is 
zero by symmetry. Thus withgxy(O) equal to zero the cw gain 
terms in Eqs. (1-43a) and (1-43b) become 
dEsx I 
- = ~x(O)Esx(O), 
dz z=o 
(18a) 
dEsy I 
-- =0 
dz z=o ' 
(l8b) 
and it is clear that Esy is zero for all z and the stimulating 
field remains linearly polarized in the x direction. Simiiarly 
if the stimulating field is initially polarized along the y direc-
tion then 
dEsx I = 0, 
dz z=o 
(l9a) 
dEsy I = ~y(O)Esy(O), 
dz z=o 
(19b) 
and the stimulating field remains linearly polarized in the y 
direction. 
From Eqs. (I-33a) and (1-40b), aXY(O) is zero in the two 
cases discussed above and the derivatives in Eqs. (1-39a) and 
(I-39b) become 
dEpx I 
dz z=o 
- !aAO)E px(O), (20a) 
dEpy I 
-- =0 
dz z=o ' 
(20b) 
so the pump field remains linearly polarized along the x 
direction. 
With the above results, the gain coefficients from Eqs. 
(II) for the stimulating field polarized parallel and perpen-
dicular to the pump field are given bys 
I/)~x [ 3 gx, =Nus 1/)2 2 1- 2 2 
px + I/) sx (I/) px + I/) sx) 
( 
tan~I(1/)2 +1/)2)1/2)] xl- px sx 
(I/) 2 + I/) 2 )1/2 ' px sx 
(21a) 
K. C. Reyzer and L. W. Casperson 6085 
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Nus [ gx, = (CP2 _ CP2)2 lx, + Ix,E(w,q) - Ix,F(w,q)], 
px sy 
(22a) 
gxy, = 0, (22b) 
where 
lx, = CP~x(CP~x -3) - CP;y(3CP~x -1), (23a) 
lx, = 2(1 + CP;y)1/2[2CP~x + CP;y(CP~x -1) ]/CPpx' (23b) 
(23c) 
I y, = cP ;y(2 + cP ~x + cP ;y), (24a) 
I y, = (1 + cP ;y)1/2 [CP ~x + cP ;/2CP ~x + 1) ]/CPpx' (24b) 
(24c) 
The functions E (w,q) and F (w,q) are incom plete elliptic in te-
grals of the first and second kind respectively with param-
eters wand q given by 
w = tan --I cP px' (25a) 
q= CPSy(CP~x+l)I/2. 
cP px CP;y + 1 
(25b) 
Similar results can also be obtained for the absorption coeffi-
cients. These results are quite complicated and ultimately 
require numerical methods to solve for the field 
dependences. 
IV. GENERAL SOLUTIONS 
The purpose of this section is to present numerical solu-
tions for the important case of arbitrary pump and signal 
fields propagating in a laser medium having an isotropic dis-
tribution of the active dipoles. In order to simplify the nu-
merical techniques that are necessary to solve Eqs. (1-39) and 
(1-43) and to minimize the number of variable parameters, 
the equations are first normalized. The absorption coeffi-
cients given in Eqs. (1-40) can be written in a form similar to 
the gain terms in Eqs. (11) and are proportional to Nup • Then 
using Eqs. (1-28), (1-36), and (1-37) the absorption and stimu-
lated cross sections can be written as 
(26a) 
(26b) 
where u 0J and (J ,,) are the absorption and stimulated emis-
sion cross sections at line center, and the ratios v p/v 0J and 
vJV;{l may be taken to be unity. The maxima of the absorp-
tion and emission cross sections are approximately equal in 
many dye~ so the line center cross section is defined as 
U o =a 0J = u,,). (27) 
The gain and absorption coefficients then become 
6086 
gx(Z) = Nuog~(z)/(1 + K;) = N(J~;(z), 
gxv(z) = Naog~y(z)/(1 + K;) = Na~;y(z), 
J. Appl. Phys., Vol. 51, No. 12, December 1980 
(28a) 
(28b) 
gy(z)=Na~~(z)/(l +K;)= Nu~;(z), (28c) 
ax (z) = Nuoll~ (z)/(l + K~) = Nuoll;(z), (29a) 
a,y(z) = NUoll~y(Z)/(1 + K~) = NUoll;y(z), (29b) 
a y(z) = Nuoa~(z)/(l + K~) = Nuoll;(z). (29c) 
Since the dimensionless field amplitudes from Eq. 
(1-34) are directly proportional to the electric field and since 
the gain and absorption coefficients are directly proportion-
al to Nao from Eqs. (28) and (29), the normalized amplitude 
and phase equations can be written 
dCP px 
ds 
a" a" 
- -fCPpx - ;Y CPpy[cos8 p +Kp sino p ], 
(30a) 
dCP py 
ds 
a" a" 
- fCPpy - ;y CPpx[cos8 p -Kp sino p ], 
(30b) 
d:: = a;y (K p _(_CP-,~,-x_-_CP--=-~..:...y_) cos8 p 
~ cP px cP py 
+ 
px Py· J;: K x y (CP2 +cp2) ) (a"-a") 
SInu p - p , 
cP px cP py 2 
(30c) 
g" g" 
= ; CPsx + ;y CPsy [cos8, + K, sino,], 
(31a) 
0.8 
04 
o ~--~~-------------------~ 
-0.4 
2 
<Pp=IOO 
-0.8 <P~ = I 
0 4 8 12 16 20 
~ 
FIG. 2. Degree of polarization of the stimulating field as a function of the 
normalized distance into the gain medium for various values of the initial 
direction of the stimulating field. 
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The time derivatives have been dropped and the loss term is 
assumed to be much smaller than the absorption and gain 
terms and is ignored. Equations (30) and (31) are coupled 
first-order nonlinear differential equations that can be 
solved by numerical integration. 
The solutions to Eqs. (30) and (31) depend on the initial 
conditions of the pump and stimulating fields and on the off-
line-center parameters K p and Ks. A dimensionless pump 
field intensity and a dimensionless stimulating field intensity 
can be defined as 
(/>~ = (/>~x + (/>~y, (33a) 
(/>; = (/>;x + (/>;y' (33b) 
The initial pump field is assumed linearly polarized in the x 
direction and the initial value of (/> ~ is taken to be 100. This 
corresponds to a pumping level of approximately 10 
MW /cm2, which is a reasonable value for pumping with un-
focused doubled Nd: Y AG lasers. It is also assumed that K p 
and Ks are zero, but this condition will be relaxed later. 
If the stimulating field is polarized at some angle tPs to 
the x axis then the x and y components of the stimulating 
field are coupled. This coupling occurs by the cross satura-
tion of the x and y gain and also through the g; y term. As-
sume first however that the stimulating field is infinitesimal 
and the gain is unsaturated. The initial values of the deriva-
tives from Eqs. (31) become in this case 
d(/>sx I 
dt s~o 
d(/>sy I 
dt s~o 
~ g~(O)(/>sx(O), 
2 
(34a) 
(34b) 
so both field components must increase. But the x compo-
nent of the field will see a larger gain than the y component 
due to the gain anisotropy and as a consequence the stimulat-
ing field must rotate toward the x axis. As saturation be-
comes important the growth of the fields decreases as does 
1.2 ~--------------, 
0.8 
0.4 
Ol---------~---__I 
- 0.4 <I>~= 100 
-0.8L-----~-----L----~----~ 
0.001 0.01 0.1 10 
<I>~ 
FIG. 3. Maximum value of the degree of polarization of the stimulating field 
as a function of the input intensity for various values of the direction of the 
stimulating field. 
6087 J. Appl. Phys., Vol. 51, No. 12, December 1980 
0.9 
0.8 
0.7 
10 
0.6 cp2= 100 p 
1/1=450 
s 
0.5 L-__ ..I...-__ -'--__ -"-__ -'-__ -' 
o 4 8 12 16 20 
FIG. 4. Degree of polarization of the pump field as a function ofthe normal-
ized distance into the gain medium for various values of the initial intensity 
of the stimulating field. 
the amount of rotation due to the decreased gain and to the 
g; y coupling. Effectively the g; y term acts as a loss since g; y 
is negative. Physically this represents an excited dipole that 
is stimulated by one component of the field and thus is un-
available for stimulation by the orthogonal field component. 
Defining a degree of polarization for the stimulating 
field as 
Ps = «(/>;x - (/> ;y)l«(/>;x + (/> ;y) (35) 
a rotation of the stimulating field toward the x axis means 
that Ps approaches a value of one. This can be seen in the 
numerical results presented in Figs. 2 and 3. Figure 2 shows 
the increase in Ps with increasing distance into the gain me-
dium while Fig. 3 shows the effects of saturation on the 
0.9 
0.8 
Pp 
0.7 
0.6 
<I>~= 100 
0.5 
0.001 0.01 0.1 10 
<1>2 
• 
FIG. 5. Minimum value of the degree of polarization ofthe pump field as a 
function of the initial intensity for various values of the direction of the 
stimulating field. 
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amount of rotation the stimulating field will experience. It is 
evident from these figures that with large input signals less 
signal rotation is possible. 
When the stimulating field is polarized at some angle tPs 
to the x axis, the pump field also is affected. This occurs 
because a; y is nonzero. The initial values of the derivatives 
in Eqs. (30) become 
(36a) 
(36b) 
(36c) 
and so the y component of the pump field grows and the 
polarization of the pump field rotates away from the x direc-
tion with a sense that is determined by the rotation of the 
stimulating field. The rotation (clockwise or counterclock-
wise) is the same for both the pump and stimulating fields. 
Defining a degree of polarization for the pump field as 
P p = (f/> ~x - f/> ~y)/(f/> ~x + f/> ~y), (37) 
the effects of the stimulating field on the direction of the 
pump field can be seen in Figs. 4 and 5. For the pump field, a 
rotation away from the x direction means that P p will de-
crease from its initial value of one. Figure 4 shows the de-
crease in P p with increasing distance into the gain medium 
while Fig. 5 shows the minimum value that P p will attain 
depending on the initial direction and intensity of the stimu-
lating field. It can be seen that the pump rotation is very 
dependent on the saturation of the gain. For the stimulating 
field oriented close to the x axis the rotation increases with 
increasing intensity of the stimulating field while for orienta-
tions near the y axis the amount of rotation will first increase 
then decrease as a function of the stimulating field intensity. 
This is caused by an increase in the y component of the ab-
0.8 
0.6 
0.4 
0.2 .p~"IOO 
l/I "450 
5 
0 
0 0.25 0.5 0.75 
Ks 
FIG. 6.Variation in the maximum degree of polarization of the stimulating 
field as a function of the frequency offset from line center for various values 
of the signal intensity. 
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1.2 
0.4 
0.25 0.5 075 
Ks 
FIG. 7. Maximum phase difference between the x andy components of the 
stimulating field as a functioin of the frequency offset from line center for 
various values of the stimulating field intensity. 
sorption coefficient due to the strong saturation of the y com-
ponent of the gain. 
Ifthe frequency of the stimulating field is not at line 
center, the parameter Ks is no longer zero. From Eq. (31c) 
the derivative term at 5 = 0 is nonzero and the phase differ-
ence between the x and y components of the stimulating field 
must change. In this situation the medium becomes birefrin-
gent and the stimulating field becomes elliptically polarized. 
As the frequency of the stimulating field gets farther away 
from line center, Ks gets larger as seen in Eq. (1-46) and 
correspondingly o"s gets smaller from Eq. (26b). In this case 
the gain coefficients decrease and the degree of polarization 
of the stimulating field clearly does not change as much as at 
line center. This is seen in Fig. 6. There is still a rotation 
toward thex axis but in this situation it is the direction of the 
major axis of the elliptically polarized stimulating field that 
rotates toward the x axis. The phase difference between the x 
1.2 Ks "0.5 
2 
<PPX = 100 
1.0 1/1=45° 
s 
0.6 
0.4 
0.2 
10 
o ~----~----~----~----~----~ 
o 4 8 12 16 20 
FIG. 8. Phase difference as a function ofthe normalized distance into the 
gain medium for various values of the input intensity of the stimulating 
field. 
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and y components of the stimulating field increases rapidly 
as Ks changes. This is seen in Fig. 7 which also shows that 
increased intensity in the initial stimulating field reduces the 
phase difference since the gain terms become saturated. Fi-
nally, Fig. 8 shows how the phase difference increases with 
increasing distance into the gain medium and also shows the 
effects of saturation. The case when K p is nonzero is very 
similar to the above case in that the pumping efficiency de-
creases due to a decrease in the absorption coefficients from 
Eq. (29), and thus the gain also decreases. The pump field 
becomes elliptically polarized as the derivative in Eq. (30c) is 
nonzero. 
v. DISCUSSION 
In this paper new analytical and numerical results have 
been presented dealing with the polarization of the pump 
and signal fields in a laser-pumped light amplifier. It has 
been shown that the polarization state of both the pump and 
signal fields can rotate as they propagate along the amplify-
ing medium. The rotations may be due to the anisotropic 
distribution of gain and loss that occur with a linearly polar-
ized pump laser field. These results suggest that using a po-
larized laser as a pump source is an inherently inefficient 
process when the initial molecular distribution is isotropic, 
and such effects can be important in dye and far infrared gas 
lasers. However, if the initial distribution of molecules is 
modified in some way to favor a particular direction, then 
the pumping process becomes more efficient. 
There are several possible techniques that could be used 
to provide a preferred molecular orientation such as electric 
field orientation of a permanent dipole moment, shear flow 
orientation of long molecular chains, stretching of a plastic 
film that contains the molecules, or orientation in a liquid 
crystal. 6 The use of liquid crystal solvents has been the sub-
ject of several recent papers and appears to be a practical 
method of producing a strong repeated orientation of the dye 
molecules with a reasonably small applied field. 7.s 
The ability to orient the molecules will not only im-
prove efficiency, but it can also provide a means for modulat-
ing the gain and absorption of an active medium. Thus one 
may consider the case of a pump field polarized along the x 
axis while the alignment of the molecules is switched be-
tween the x and y axes. In this case the pump absorption will 
change from a maximum to a minimum, and the effect re-
sembles an electro-optical switch. An advantage is that the 
modulation voltage would be very low if a liquid crystal 
could be used. Obviously, the response time of such a device 
would depend on the speed with which the liquid crystal can 
orient the molecules. In a similar manner, the gain maxi-
mum can be switched between the x and y axes so that a 
linearly polarized signal field can be modulated. This ap-
proach would be preferable to the absorption method for 
applications where both gain and modulation are required. 
Another possible modulation technique is opto-optic 
modulation where a strong signal of one polarization is mod-
ulated by a weak signal at the orthogonal polarization due to 
cross saturation of the gain.9 As seen previously, the x and y 
components of a stimulating field are coupled through the 
gxy term in addition to the saturation of the gain by both 
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components. If a stimulating field is polarized along the y 
axis when the gain maximum occurs along x, then the intro-
duction of a small control signal polarized along x can mod-
ulate the incremental gain seen by the stimulating field. 
APPENDIX 
The integrals in Eqs. (12) can be simplified by making 
the substitution U = cosO. The integrals then become 
3 JI 4 RI(z) =- U 
2 -I 
x [ _1 (2fT d¢ ]dU, 
21T Jo A (u,z) + B (u,z)coS¢ + C (u,z)cos2¢ 
3 JI Riz) = - u(1 - U2?12 
2 -I 
X [ 1 (2fT cos3¢ d¢ 
21T Jo A (u,z) + B (u,z)coS¢ + C (u,z)cos2¢ 
Rs(z) = ~ JI (1 - U2)2 
2 -I 
(A la) 
]dU, 
(A Id) 
X [ 1 (2fT cos4¢ d¢ ]dU, 
21T Jo A (u,z) + B (u,z)coS¢ + C (u,z)cos2¢ 
(A Ie) 
where 
A (u,z) = 1 + [<P ~x(z) + <P ;Az) ]u2, (A2a) 
B (u,z) = 2 [<P px (z)<P p y (z)cos8 p (z) 
+ <PsAz)<PSy(z)cos8s(z)]u(1- U2)1/2, (A2b) 
C(u,z) = [<P~y(z) + <P;y(z)](1- u2). (A2c) 
Looking at the ¢ integrals in Eqs. (A 1) and defining them as 
II</> through Is</> , these integrals can be written after some 
simple algebraic manipulations as 
13</> = [1 - All</> - BI2</>]C - 1, 
14</> = [-B+ABII</> +(B 2-AC)I2</>]C- 2, 
Is</> = [(C 2/2) + (B 2 -AC) 
(A 3a) 
(A 3b) 
-A (B2 -AC)II</> - B(B2 -2AC)I2</>]C -3. 
(A 3c) 
The solution to Eqs. (A 3) requires completing the inte-
gration of II</> and 12</>. The integrals are written as 
II</> (u,z) 
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1 (2" d</J 
= 21T Jo A (u,z) + B (u,z)cos¢J + C (u,z)cos2</J ' 
(A4a) 
1 (IT cos¢J d</J 
= 21T Jo A (u,z) + B (u,z)cos¢J + C (u,z)cos2</J 
(A4b) 
Separating the integrals into the two intervals [0,1T] and 
[1T,21T] and then transforming the integrals over [1T,21T] back 
to [0,1T] yields 
II'" = I I~ + I 1-"" 
12", = I 2~ - I 2~' 
where 
+ _ 1 ITT d</J 1 1",-- , 21T 0 A + B cos¢J + C cos2</J 
_ 1 (TT d</J 
I I", = T;; Jo A - B cos¢J + C cos2</J ' 
I + _ _1_ (" cos</J d</J 
2'" - 21T Jo A + B cos</J + C COS2</J ' 
I - __ 1_ (TT cos¢J d</J 
2'" - 21T Jo A - B cos¢J + C cos2</J . 
(A 5a) 
(A 5b) 
(A 6a) 
(A 6b) 
(A 6c) 
(A 6d) 
Making the substitution v = tan(</J 12), the integrals in Eqs. 
(A 6) can be written 
2(1 + v2) dv 1 Soc (A 7a) II~= -
a + 2bv2 + ev4 ' 21T 0 
1 100 2(1 + v2) dv (A 7b) II¢. = -
e +2bv2 + av4 ' 21T 0 
1 100 2(1 - v2) dv (A 7c) I2~ =-
a + 2bv2 + ev4 ' 21T 0 
1 Ioc 2(1 - v2) dv (A 7d) I 2¢. = 21T 0 e +2bv2 + av4 ' 
where 
a =A +B+C, (A 8a) 
b=A -C, (A 8b) 
e=A-B+C. (A 8c) 
Two similar terms appear in each of the integrals in Eqs. 
(A 7) and the solutions for these terms are given bylO 
(OC dv 
Jo a + 2 f3v2 + yv4 
1T 
1T 
= ------------:-2V2 Vy[ f3 + (ay)1/2] 1/2 
(A 9b) 
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With these results, II'" and 12", become 
I_I 1 (1 1) 
I", - 112 [b + (ae)1/2] 1/2 lIa + lie 
1 1 
112 {(A_C)+[(A+C)2_B2]1/2}'/2 
X ( (A + B ~ C)1/2 + (A _ B ~ C)1/2 ). 
(A lOa) 
1 1 (1 1 ) 
12",= 112 [b+(ae)1/2]1/2 va- lie' 
1 1 
112 {(A_C)+[(A+C?_B2]1/2}'/2 
X ( 1 _ 1 ).(AlOb) (A + B + C)1/2 (A - B + C)1/2 
From Eq. (A 2) it is seen that A and C are even functions of u 
while B is an odd function of u. It follows then from Eqs. 
(A 10) that II'" is an even function of u and 12", is an odd 
functionofu. UsingthesymmetryofI l ", andI2"" thesymme-
tries of 1,,,,,14,,,, and Is", are readily established from Eqs. 
(A 3). With these results, Eqs. (A 1) can be written as 
Riz) = 3 (' u3(1 - U2)1/2I2'" (u,z) du, Jo 
R3(Z) = 3 L u2(1 - u2)I,,,, (u,z) du, 
Riz) = 3 L u(I - u2)3/2I4'" (u,z) du, 
R5(Z) = 3 L (1 - u2?Is", (u,z) duo 
These results appear as Eqs. (13) in the text. 
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